Abstract In this paper, we use a physical modeling approach to explore the effect of lateral confinement on gravel bed river planform style, bed morphology, and sediment transport processes. A set of 27 runs was performed in a large flume (25 m long, 2.9 m wide), with constant longitudinal slope (0.01) and uniform grain size (1 mm), changing the water discharge (1.5-2.5 L/s) and the channel width (0.15-1.5 m) to model a wide range of channel configurations, from narrow, straight, embanked channels to wide braided networks. The outcomes of each run were characterized by a detailed digital elevation model describing channel morphology, a map of dry areas and areas actively transporting sediment within the channel, and continuous monitoring of the amount of sediment transported through the flume outlet. Analysis reveals strong relationships between unit stream power and parameters describing the channel morphology. In particular, a smooth transition is observed between narrow channels with an almost rectangular crosssection profile (with sediment transport occurring across the entire channel width) and complex braided networks where only a limited proportion (30%) of the bed is active. This transition is captured by descriptors of the bed elevation frequency distribution, e.g., standard deviation, skewness, and kurtosis. These summary statistics represent potentially useful indicators of bed morphology that are compared with other commonly used summary indicators such as the braiding index and the type and number of bars.
Introduction
Although design strategies adopted in river restoration and flood protection increasingly reflect the view that an increase in river width is needed to improve bed morphological complexity and ecological quality [e.g., Rohde et al., 2004 Rohde et al., , 2005 J€ ahnig et al., 2009; Weber et al., 2009] , few studies provide detailed quantitative information on the effect of different width constraints on river bed topography.
Fluvial geomorphologists have long explored the relationship between river planform style and external controlling parameters and this topic continues to be debated [Leopold and Wolman, 1957; van den Berg, 1995; Eaton et al., 2010; Kleinhans and van den Berg, 2011] . However, the focus of this mainly empirical, fieldbased, research is usually the natural state of a river rather than its state when constrained by embankments, other engineering structures, or by natural inerodible valley walls [Fotherby, 2009] . Other studies have considered the effect of different widths on alternate and multiple bar formation [Fujita, 1989] or on braided river sediment transport [Marti and Bezzola, 2006] , but a detailed investigation on the morphological changes induced by lateral confinement is lacking.
A different and complementary line of research has been to explore the conditions that determine the formation of alternate, central, or multiple bars, which ultimately determine the river planform style, through an analytical investigation of the intrinsic instability of the river bed [e.g., Parker, 1976; Colombini et al., 1987; and recently Crosato and Mosselman, 2009] . Such theoretical frameworks generally require several simplifying hypotheses that are difficult to meet when the river configuration becomes more complex and a multichannel pattern emerges. For example, the transverse variability in flow, shear stress, and sediment transport in multichannel rivers makes the use of cross-section averaged parameters difficult [Paola, 1996; Ferguson, 2003] . The occurrence of wetted areas (or even dry areas) where sediment is not transported hinders or even prevents the use of most bar theories to explore the planform and bed configuration (but see Seminara and Solari [1998] for the possibility to extend analytical theories to partially transporting channel bends). Laboratory experiment [e.g., Fujita, 1989] and numerical model results [e.g., McArdell and Faeh,
The increased availability of high-resolution digital elevation models (DEMs) provides opportunities for a more detailed characterization of river bed topography, and thus for a more detailed investigation of how more traditional measures of river width, the number and types of bars, planform style, and indices of planform complexity express true differences in river bed morphology. The development of topographical indices from this detailed three-dimensional information is crucial to better understand and characterize the relevant morphological processes controlling river adjustment. Such research is most effectively conducted in a laboratory flume, where responses to form and process manipulations can be investigated under controlled conditions. Moreover, as Doeschl et al. [2006] pointed out, the identification and computation of statistical metrics describing river morphology will greatly enhance the potential to calibrate and validate numerical models.
The aim of the present research is to address some of the research gaps and possibilities described above by investigating the effect of lateral confinement and formative discharge on gravel bed river planform and the detailed three-dimensional topography of the river bed. A set of 27 experiments with the same longitudinal slope and uniform grain size were designed to answer the following research questions:
I. To what extent does bed morphology change in response to different formative discharges within the constraints of different fixed channel widths? This question is posed because it provides a first step toward understanding the impact of changes in flow from, for example, flow regulation or regular hydropeaking on the bed morphology of real river channels with a confined width. II. Is the bed elevation frequency distribution a good predictor of channel planform morphology? This question is posed because it is a first step toward incorporating the three dimensions of bed morphology into methods for discriminating between rivers of different planform style, including characterizing their physical (habitat) structure and thus building on existing two-dimensional indices such as the braiding index. III. Is the areal extent of dry areas within the channel and its active width (i.e., the width over which sediment transport occurs) related to channel configuration, and can it be predicted from external controlling parameters? This question is posed because dry areas within the channel are indicative of islands in real rivers and thus the development of terrestrial or semiterrestrial areas, which are important for vegetation colonization and the biocomplexity of river ecosystems.
Methods
Twenty-seven experiments (Table 1) were carried out in a large flume (25 m long, 2.9 m wide) located at the University of Trento, Italy. The flume had a fixed longitudinal gradient (S) of 0.01 and was filled with wellsorted sand with a median grain size (d s ) of 1 mm (the sorting coefficient, computed as the square root of d 84 /d 16 , was 1.08). Each experiment was conducted within a fixed width channel, which varied among the experiments from 0.15 to 1.5 m. The nine different channel widths were achieved by lining the banks of a channel of the required width with a plastic sheet and then filling the channel with the sand bed material. Three fixed discharges (Q) were tested: 1.5, 2.0 and 2.5 L/s. During each experiment, sand was fed into the upstream part of the channel from a volumetric sand feeder at a constant rate equal to the average sediment flux exiting the flume (as determined in a preliminary phase of the run). At the downstream end of the flume, a chute conveyed the solid and liquid flux to a submerged tank where the sediment transport (Q s ) was measured by sampling the cumulative weight every minute.
The experiments reproduced hydraulic and morphological conditions that are common in gravel bed rivers and did not represent a model of a specific field prototype. Conditions were selected in order to ensure
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turbulent flow in the areas where sediment transport occurred (Reynolds number > 4000), and bed load transport dominated (cross-sectional average Shields stress ranging from 0.04 to 0.18). The depth over grain size ratio ranged from 7 to 30, as is typical of gravel bed rivers.
The duration of the experimental runs was set with reference to the conservation of sediment mass equation (the Exner equation), in order to reproduce a similar time scale for morphological evolution of the channel bed across different conditions. This time scale, T, can be expressed as
where D is average flow depth and W is channel width. Thus, T can be interpreted as the time needed for a bed change of the order of one depth on a longitudinal spatial scale of one channel width. A similar parameter was used by Fujita [1989] to quantify the evolution time scale of gravel bars. At a constant discharge, bed morphology is expected to reach a dynamic equilibrium in a few increments of T. This time scale ranged from about 5 to 650 min as a result of the 1 order of magnitude increase in channel width across the 27 experiments. Each experiment was run for a time period of approximately 10T to ensure a dynamic equilibrium between sediment transport, sediment output from the channel, and the bed morphology, and to enable collection of the data required for processing following completion of the experiments.
In each experiment, the mean sediment transport rate (Q s ) was calculated from sediment transport measurements once a dynamic equilibrium in sediment transport had been achieved. Toward the end of each experimental run, the morphology of the channel was recorded, including the dry areas that were not under water, wetted areas where sediment transport was occurring, the total number of channel branches, and the number of branches actively transporting sediment. The last two were recorded in order to compute the total and active braiding index, i.e., braiding indices calculated using all wetted channels and only those channels transporting sediment, respectively. These observations were performed manually on a set of 20 cross sections spaced at 0.5 m intervals within the central part of the flume and, in cases where the bed morphology was complex, measurements were obtained 2 or 3 times and then averaged. The spatial average of the braiding indices and of the different widths are reported in Table 1 . In addition, a photographic survey was undertaken during each run, when the channel was under the full experimental discharge (''high flow''), using a Nikon D3100 SLR digital camera mounted on a hand-moveable carriage approximately 4 m above and parallel to the flume bed. A set of 16 pictures covered the entire flume. Dry areas were mapped on the stitched pictures to provide a more detailed estimation of the planform configuration. Immediately after the cessation of each run, a second set of pictures were obtained to represent ''low flow'' (i.e., water was still present, mostly in scoured areas and deep channels) to better visualize bed forms.
Following each experimental run, a digital elevation model (DEM) of the bed topography was obtained using a laser profiler supported on a bridge that was mounted on a rail positioned on the concrete walls of the flume. Bed elevation was recorded at 5 mm intervals across the flume and at 5 cm intervals along the flume to give a total of 150 cross sections in each survey. These data provided a detailed digital elevation model (DEM) of the channel form between 5 and 20 m along the flume length and thus excluding areas subject to entrance and outflow effects. Detrended DEMs were then constructed by subtracting the average bed slope (e.g., Figure 1 ). The detrended DEMs were then analyzed to extract descriptive statistics from the bed elevation frequency distribution, specifically the mean, median, standard deviation, skewness and kurtosis.
Results
Planform Morphology
The experimental setup allowed the effect of changing channel lateral confinement on bed morphology to be observed (e.g., Figure 1 ). In the following, we use the term ''wandering'' to classify channels with a transitional morphology between single thread and braiding [Church, 1983 [Church, , 2006 Carson, 1984; Knighton and Nanson, 1993] . These are characterized by values of the total braiding index larger than one, but channel division is not continuous and is less intense than in braiding rivers. Channels were classified as ''braided'' when the total braiding index was larger than 1.5 or the active braiding index was larger than 1. Cases with a total braiding index ranging between 1 and 1.5 were classified as ''wandering.''
The narrowest channels ( GARCIA LUGO ET AL. THE EFFECT OF LATERAL CONFINEMENT ON RIVER BED MORPHOLOGYassociated with a significant decrease in the average bed load flux. A further increase of the flume width to 0.6 m accentuated this behavior, causing the active width (i.e., the channel width within which sediment transport occurred) to fall below 70% of the total available width. This process had an effect on the channel morphology, slowing down bar migration and causing chute cutoffs. As a result, bed morphology was no longer characterized by regular sequences of alternate bars but showed a more complex configuration, resembling that of a wandering river. Dry areas started to appear on the tops of bars at a width of 0.8 m, further promoting the formation of lateral channels, and increasing the braiding index above an average value of 1.5. For discharges of 1.5 and 2 L/s, the configuration at this channel width is therefore defined as braided. Finally, with flume widths of 1, 1.25, and 1.5 m, the channel complexity continued to increase when quantified using both the total and the active braiding index. Interestingly, for the three largest widths, the active width remained almost constant for all three discharges, indicating that the combinations of gradient, flux, and grain size are able to maintain an active channel of approximately 0.35, 0.42, and 0.5 m, respectively. Similarly, the average sediment transport flux was almost constant, showing only a minor decrease with increasing flume width. The increased space available in these wider configurations was occupied in equal measure by dry areas and shallow channels not transporting sediments. In the case of the widest flume width (1.5 m), up to 30% of the channel was occupied by dry surfaces.
Four properties of the channel morphology produced by the experiments (dry width ratio, active width ratio, total braiding index, and active braiding index) are plotted with respect to dimensionless stream power in Figure 3 . The dry and active width ratios are defined as the ratios between dry or active width, respectively, and the wetted width, whereas dimensionless stream power ðxÞ is defined as
where W w is the wetted width, g is gravitational acceleration, q s is the measured sediment density, and q w is the water density. This equation represents specific stream power normalized with the Einstein scale for Figure 3 mark the transitions from a single thread to a wandering (x larger than 0.37) and then to a braided configuration (x less than 0.2). The dry width ratio increases for decreasing values of x, with no dry areas (dry ratio equal to 0) for the single-thread configuration. Both braiding indices are equal to 1 and the active width ratio is larger than 0.9 for single-thread configurations, meaning that at least 90% of the cross section is actively involved in sediment transport. For values of dimensionless stream power lower than 0.37, all four parameters show an almost linear trend when dimensionless stream power is plotted on a logarithmic scale, highlighting a smooth transition from single-thread to fully braided configurations. These experiments show that a full range of planform configurations exists without any clear thresholds. In particular, the active width ratio shows an almost linear trend on the plot in Figure 3b , decreasing from 1 to 0.2 as values of dimensionless stream power decrease from 0.37 to 0.1. The active width ratio has been defined as a specific measure of braided rivers [Ashmore et al., 2011] , but the present findings suggest it is relevant also for rivers with a transitional planform, where the active width of the channel ranges between 60% and 80% of the wetted width, despite the fact that the dry areas only account for about 5% of the area of the wetted surface. The active width ratio is quite difficult to measure in the field, and so the relationship between the dry width ratio (open symbols), the active width ratio (black symbols), and the braiding index observed in the experiments is plotted in Figure 4 , as it may prove useful in estimating the proportion of field cross sections actively transporting sediment.
Sediment Transport Flux
The measured sediment transport flux, as evaluated from averaging over the equilibrium part of the runs (approximately 7-8 times the time scale T) is plotted in Figure 5 . Here the volume of sediment flux has been normalized in the same way as for stream power, by dividing it by the wetted width and by the Einstein scale to account for grain size. Figure 5 shows a clear relationship between dimensionless bed load flux and dimensionless stream power that is described by a power law (linear in a bilogarithmic plot). Experiments with fully transporting cross sections (active width ratio equal to 1) are plotted with closed symbols, whereas runs characterized by partially transporting cross sections are plotted with open symbols (here we use the term ''partial transport'' referring to cross sections with immobile areas, as in Lisle et al. [2000] ). The two series are well approximated by a single statistically significant power relationship (F 5 1077, degrees of freedom 5 1, 25, p < 0.001) with an exponent of 1.61 (t 5 32.8, p < 0.001) and an R 2 equal to 0.98. When estimated separately, the exponent changes from 1.43 for the fully transporting runs to 1.91 for the partially transporting runs. However, there is no statistically significant difference between these two exponents (p > 0.05), suggesting a uniform and steady increase in dimensionless sediment transport flux (per unit width) with stream power regardless of bed morphology.
Bed Topography
The availability of spatially detailed topographic data allowed the investigation of the effect of different levels of lateral confinement on the 3-D morphology of the channels. The 3-D morphology can be summarized in the form of an elevation frequency distribution (as reported in Figure 6 for each run) and such frequency distributions can be described quantitatively through descriptive statistics of the distribution's central tendency, dispersion, and shape. As the DEMs were detrended by expressing them as deviations from the average longitudinal slope and the experiments were designed to have a reach scale balance between the sediment input and output, the most commonly used descriptive statistic for central tendency, the mean elevation, was very close to 0 in all runs. In Figure 7 , four further descriptive statistics of the bed elevation frequency distribution (the median, a measure of central tendency; the standard deviation, a measure of dispersion; the skewness and kurtosis, measures of shape in terms of distribution asymmetry and peakedness, respectively) are plotted against the log-transformed dimensionless stream power. In Figure 7 , the same threshold values for the dimensionless stream power are shown as in Figure 3 , separating singlethread, wandering, and braided configurations.
Strongly confined channels (W equal to 0.15 m, large values of x) show a bed distribution characterized by a near Gaussian distribution with a median of approximately 0, very low values of the standard deviation, and skewness and kurtosis close to 0. This distribution is typical of a rectangular cross section, with small bed perturbations. Increasing the flume width to 0.4 m causes a rapid change in the bed elevation frequency distribution. The occurrence of alternate bars modifies the bed topography inducing an increase in the median value of the distribution to 3.5 mm, indicating that depositional areas are larger, but less vertically pronounced than scours. At the same time, the standard deviation increases up to about 10 mm, with skewness reaching values of 21.5 and kurtosis increasing to about 3. This last parameter shows a higher variability, due to its sensitivity to the occurrence of even a relatively small proportion of points with a very high or very low elevation (in particular scours deeper than 4 times the standard deviation). Planform configurations characterized by wandering or braiding patterns (values of the dimensionless stream power lower than 0.37) show less pronounced changes, with a slowly decreasing median (from 3.5 to 1 mm) and standard deviation (from 9 to 6 mm). Skewness and kurtosis are almost constant, showing negatively skewed distributions and positive values of kurtosis and thus indicating relatively peaked distributions but also with a high probability of extreme values (fatter tails). Figure 8 shows the strong associations among the four parameters of the bed elevation frequency distribution and also the differences between single-thread, wandering, and braiding configurations. Figure 8a shows an almost linear relationship between median and standard deviation. Figure 8b shows linear relationships with two different slopes between skewness and kurtosis. No particular trend is evident that can help to differentiate the three planform styles. Very confined runs (flume width equal to 0.15 and 0.2 m) stand out from the rest, showing a quite different bed configuration, whereas all other points are located in the same area of the plots, with braiding showing slightly higher values of the standard deviation for the same value of the median and higher values of kurtosis for same value of skewness than the other planform styles.
Discussion
The research presented in this paper makes some valuable contributions to current knowledge of channel morphodynamics in three main areas: the active width or areal extent of particle movement as a function of channel morphological configuration and discharge; the association between channel planform style and summary statistics describing the three-dimensional topography of the river bed; the correspondence between our results and predictions for the formation of bars based on two analytical theories. Each of these areas is discussed below.
Active Width
Despite several published observations on the lateral variability of bed load transport in gravel bed rivers [e.g., Gomez, 1991; Ferguson, 2003; Haschenburger and Wilcock, 2003] , to date little quantitative data have been produced that show the areal extent of particle movement as a function of formative discharge and morphological configuration, although the parameter ''active width'' has been introduced to investigate bed morphology versus sediment transport interaction in braided rivers [Ashmore, 2001; Ashmore et al., 2011] . GARCIA LUGO ET AL.
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We compared previously published data on bed activity with our observations (Figure 9 ). Reported data have been elaborated in order to compute the same parameters we used (active width ratio and dimensionless stream power). This comparison shows similar trends and values, although in most of the previous analyses, active width was estimated from morphological changes, not from instantaneous observations of sediment transport as in the present case. In the case of multichannel networks, the proportion of the bed that is actively transporting sediment may be only a small fraction of the bed of wetted channels, even at formative discharge [Bertoldi et al., 2009b; Ashmore et al., 2011] , whereas in single-thread rivers, Lisle et al. [2000] showed that between 10% and 80% of the bed area may have a negligible sediment transport flux. The data published by Lisle et al. [2000] follows a similar trend to that observed in the present experiments (Figure 3b ), but with lower active width ratios. The discrepancy may be due to differences in grain size distribution and the occurrence of bed armoring. Marti and Bezzola [2006] performed a set of laboratory experiments on braided river sediment flux reporting that about 25% of the entire flume width was actively transporting sediments. From their published data, this should correspond to an active width ratio of 0.4, GARCIA LUGO ET AL. THE EFFECT OF LATERAL CONFINEMENT ON RIVER BED MORPHOLOGYwith a normalized unit stream power of 0.27. Also in their case, the active width is in a similar range to our data, with a slightly lower active ratio that can be explained by the grain size sorting. Haschenburger [2006] reports on measurements of scour and fill in the Carnation Creek (Canada) after 15 floods of different magnitude. She reported the proportion of points where no morphological changes were observed, which can be used to estimate an active width ratio. The data cover approximately the same range of dimensionless stream power as our runs and show a very close correspondence with our observations. It is worth noticing that in this case data do not refer to formative conditions, but to floods of different magnitude on the same reach.
The results presented in this paper confirm and extend those reported only for braided rivers by Bertoldi et al. [2009a] and Ashmore et al. [2011] , and they also cover a much wider range of stream power. They, therefore, cross the spectrum from braided through wandering to single-thread channels, providing an integrated view across planforms and showing that there is a gradual transition from fully transporting cross sections to the complexity of braiding across this spectrum of planform types.
Bed Topography
The availability of high-resolution DEMs obtained from new survey techniques employing terrestrial laser scanners, airborne lidar, and structure-from-motion integration of photographs opens the possibility of developing new indicators that describe river bed topography in a more accurate way [Brasington et al., 2000; McKean et al., 2009; Carbonneau et al., 2012] . Bed elevation frequency distributions have the advantage of not being stage dependent (as, for example, is the braiding index). Results presented in Figures 6, 7 , and 8 show that the bed elevation frequency distributions of river channels with different lateral confinement are different, particularly when comparing narrow (and simplified) bed morphologies, with more complex configurations. Our analysis also reveals that regular, alternate bars are the bed morphology with the highest bed elevation variability (highest values of the standard deviation). However, if the median and standard deviation are normalized with the average flow depth, the trend with dimensionless stream power (and thus planform style) changes (Figure 10 ). In this case, the median elevation scaled with flow depth increases rapidly from very narrow channels (high values of stream power in Figure 10a ) with a median value around 0 to a value of around 0.25 for all the runs characterized by a wandering and a braided configuration. The effect of this scaling process is even more evident in relation to the standard deviation ( Figure  10b ), which shows continuously increasing values for decreasing values of the stream power across the three types of bed configuration. This illustrates that braided channels have the largest bed elevation variability, if it is scaled using the flow depth. These observations may be relevant when designing river restoration schemes, as different degrees of lateral confinement may result in different degrees of spatial variability of the bed topography and hence of the physical habitats that the bed presents. In addition, Bertoldi et al. [2011] showed that the colonization of riparian vegetation has a large impact on bed skewness, with more asymmetrical distributions (negative skewness) typical of unvegetated reaches, and more symmetrical bed configurations (skewness approximately 0) in the presence of vegetated bars and islands. Therefore, the quantification of the four parameters describing the bed frequency distribution may help to identify the morphological style of different river reaches and their deviation from the natural configuration.
In addition, these experiments may provide a good source of benchmark data to calibrate and validate numerical computational models, contributing to the definition of statistical metrics which also include topographic data [Doeschl et al., 2006] . 2-D depth averaged models are becoming more convincing [Nicholas et al., 2013] , though correct reproduction of bank erosion is still challenging [Jang and Shimizu, 2005] . The possibility to test model results in different morphological conditions (ranging from straight, plane-bed channels to braiding channels), but with controlled, similar conditions in terms of slope, discharge, and grain size, may greatly help understanding of the potential and limits of these models.
Planform Style
In the last decade, considerable advances have been made in classifying channels based on both empirical relationships and physics-based theoretical analyses of bar development (two recent contributions are Eaton et al. [2010] and Kleinhans and van den Berg [2011] ). The empirical approach generally considers the effect of external parameters (discharge, valley slope, and grain size) on natural river pattern and cannot take into account artificial constraints on the width (e.g., fixed embankments). With a different approach, the experiments reported here investigate changes in the river planform style (from straight to wandering to braiding) as determined by different degrees of lateral confinement. For this reason, we compare our results with the predictions of two analytical theories for the formation of bars, namely the free bar theory of Colombini et al. [1987] and the steady bar theory proposed by Crosato and Mosselman [2009] . Given a set of values for discharge, longitudinal slope, grain size, and channel width, both theories predict whether bars form and, if they do, their number (or bar mode) for each cross section. The free bar theory of Colombini et al. [1987] identifies a threshold value of the width to depth ratio, above which alternate bars form (mode 1). Larger channels (larger width/depth ratios) are needed to form central bars (mode 2) or multiple bars (mode 3 or more). Crosato and Mosselman [2009] where C is the Ch ezy coefficient for roughness and b is a coefficient depending on the sediment transport equation, and then assuming a relationship between the bar mode (m) and the braiding index (B i ) of the form:
they directly evaluate the number of anabranches and the river planform style. Table 2 compares the observed planform configuration from our experiments (single thread with planebed, single thread with alternate bars, wandering, and braiding), with the predicted bar type (alternate, central, or multiple) following Colombini et al. [1987] and the predicted planform style (meandering, transitional, and braiding) following Crosato and Mosselman [2009] . In the last case, two values of the parameter b have been tested. Crosato and Mosselman suggest that b 5 5 should be used for sand bed rivers, and b 5 10 for gravel bed rivers, in order to take account of the different sediment transport types (suspended versus bed load). Although the sediment used for our experiments is classified as sand, due to the scaling of the model, it actually represents a gravel bed, and sediments were transported only as bed load. Therefore, a value of b 5 10 should better fit the experimental observations.
The results displayed in Table 2 show that both theories are reasonably good at predicting the transition from single thread to wandering and braiding. In particular, the theory of Crosato and Mosselman works quite well when the parameter b is set to a value of 5, even if this should better represent the case of suspended sediments. With the suggested value of b 5 10 to represent bed load transport, most of the runs close to the threshold between single thread and braiding are actually wrongly classified. Similarly, the linear theory of Colombini et al. [1987] predicts a larger number of bars (mode 2 or 3) in four cases (runs 13, 15, 17, and 18) . This can probably be explained by the fact that both theories consider the case of small perturbations, neglecting the effect of thick bars (deposits of the order of the flow depth). Figure 11 shows a more detailed comparison of the observed braiding index and that predicted by Crosato and Mosselman. As also pointed out by Kleinhans and van den Berg [2011] , this theory greatly overpredicts the braiding index. For example, when b 5 10, the predicted braiding index is up to 3 times larger than that observed in the experiments.
The observations of the active width reported in Figure 3b show that in the case of wandering and braiding configurations (dimensionless stream power lower than 0.37), sediments are transported only across a rather small fraction of the bed. This has important ecological implications, since it indicates that areas of stable bed coexist with areas where bed turnover and flushing occur. It is also important in a theoretical context, since all the analytical theories for bar formation are based on the hypothesis that the entire width is actively transporting sediment. Their application in cases where the active width is smaller than the wetted width is, therefore, problematic. Direct observation of the bed morphology evolution during the experimental runs confirms that braiding is not a result of multiple bars forming in very wide and shallow channels but is more the result of a dynamic evolution of one or two main branches [Ashmore, 2001 [Ashmore, , 2013 , where alternate or central bars form (because the active width is much lower than the full braid plain width) and then move laterally through bank erosion.
Conclusions
These laboratory experiments provide a first attempt to model the effect of changing channel width on bed morphology and planform style. They clearly show that there is a smooth transition between narrow, simple geometry channels and complex braided networks, which can be quantified using different morphological indices (e.g., braided index, exposed bed area, and parameters of the bed elevation frequency distribution), as well as through analysis of sediment transport processes.
The direct observation of the spatial and temporal patterns of bed load transport demonstrates that the occurrence of fully transporting cross sections is a relatively uncommon condition. Therefore, the active width ratio (previously introduced only to study braided rivers) has proved to be a relevant parameter to correctly assess sediment transport and morphological evolution of channels with bars and a wandering/ transitional planform style.
This experimental approach shows that small changes in channel width can have significant impacts on bed form and spatial variability and thus on bed habitat complexity. In particular, we have shown that summary parameters of the bed elevation frequency distribution are much more effective at differentiating morphological complexity in single-thread channels than previously used indicators (e.g., braiding index and number of bars). These results have direct relevance to river restoration, since they indicate that even small increases in channel width can have beneficial effects for bed complexity and thus morphological quality. They are also relevant to the prediction of future river states, illustrating that any changes in river width or discharge impact on the form of the channel bed and the distribution and diversity of physical habitats that are present.
Nowadays, the increasing availability of accurate digital elevation models (extracted from lidar, terrestrial laser scanner, and structure-from-motion topographic surveys) makes the computation of bed elevation frequency distributions more easily achievable, opening new opportunities to better characterize river bed morphology. In future, the proposed approach and indicators would benefit from being tested and refined with real-world applications, under a wider range of flow and grain size conditions, providing information on the evolutionary trajectory of impacted rivers.
